Self-Calibrating Ultrasonic Technique for R/T and T/R Measurements by Achenbach, J. D. et al.
SELF-CALIBRATING ULTRASONIC TECHNIQUE FOR RIT AND TIR 
MEASUREMENTS 
J.D. Achenbach, LN. Komsky, and Y.C. Lee 
Center for Quality Engineering and Failure Prevention 
Northwestern University, Evanston, IL 60208 
Y.C. Angel 
Department of Mechanical Engineering and Materials Science 
Rice University, Houston, TX 77251 
INTRODUCTION 
When a surface containing a surface-breaking crack is directly 
accessible for the generation of ultrasound, the use of surface waves is a 
preferred technique for depth determination of the crack. In principle, the 
crack depth can be determined by an accurate measurement at a fixed 
frequency or over a range of frequencies of either or both the reflection, R, 
and transmission, T, coefficients, and by subsequent comparison of these 
measurements with theoretical results for R and/or T as functions of crack 
depth. 
Analytical and numerical investigations of the reflection and 
transmission coefficients for normal as well as oblique incidence have been 
presented in [1]-[3]. In this paper we consider the generation and detection of 
surface waves by contact transducers. Various experimental studies using 
contact transducer have been presented in [4]-[7]. A major problem in the 
experimental work has been the uncoupling of the measured results from 
the response functions of the contact transducers, including the coupling 
between the transducers and specimen. To account for the coupling between 
transducers and specimen, various calibration procedures have been 
employed, such as a parallel reference specimen [5], preliminary calibration 
on a flaw-free specimen [6] and the use of calculated calibration coefficients 
[7]. 
In this paper the depth of a surface-breaking crack is determined by 
measuring the absolute values of the ratio of the transmission and reflection 
coefficients, I TIR I, instead of I T I and I R I separately. This measurement 
can be performed in a self-calibrating manner using a configuration of 
commercial surface wave transducers. Application of the technique is 
presented for both normal and oblique surface wave incidence on a surface-
breaking crack. 
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Fig. 1. Conventional technique for T and R measurements. 
8URFACE WAVE INCIDENCE ON A 8URFACE-BREAKING CRACK 
In a conventional approach, three surface wave transducers would be 
used to measure T and R. The three transducers would be coupled to the 
specimen by a thin layer of oil. This configuration is shown in Fig.1. 
Transducer 1 placed at a desired angle ofincidences, S, produces the signal. 
Transducer 2, placed on the same side of the crack under the angle of 
reflection, S, receives the reflected signal with voltage 
( 1 ) 
where Al = response function of transducer 1, including the transmission 
from the transducer to the specimen, 
DlO = response function for transmission over the distance from 1 to 0, 
including attenuation and diffraction, 
Re = reflection coefficient of the crack 
D02 and 82 are defined analogously to DOI and Al , respectively. 
Transducer 3, placed on the other side of the crack, again under the 
angle S, receives the transmitted signal with voltage 
( 2 ) 
where Tc = transmission coefficient of the crack. 
D03 = response function for transmission along the distance from 0 to 
3 
and 83 = response function of transducer 3, including transmission from 
the specimen to the transducer 
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Fig. 2. Transducer configuration for the measurement of I TIR I for a 
surface-breaking crack. 
Unfortunately, the reflection and transmission coefficient are difficult to 
measure correctly by the use of this technique, primarily becausethe 
coupling between the transducers and the specimen is unpredictable and 
very difficult to reproduce from one measurement to another. Hence there is 
no guarantee that the incident wave ( response function Al ) is the same for 
each measurement nor that the reflected and transmitted waves would be 
measured with the same response functions ( S2 and 83 ,respectively) by the 
receiving transducer. 8ince it is awkward and time consuming to calibrate 
the complete set-up for each measurement, a configuration of transducers 
suitable for a self-calibrating measurement technique has been proposed by 
the authors [8]. This configuration of two transmitting and two receiving 
transducers is shown in Fig.2. 
8uppose transducer 1 is fired first. The voltage amplitude at transducer 
2 will be given by Eq.( 1 ), and the transmitted signal to transducer 3 will be 
given by Eq.( 2 ). 8imilar expressions are obtained when transducer 4 is fired. 
We have 
( 3 ) 
( 4 ) 
where A4 and D40 are defined analogously to Al and DlO, respectively. 
N ext we consider the ratio V 13-V 42N 12-V 43 . It then easily follows that 
jTj= VnV42 I 11/2 
R V1zV 431 
( 5 ) 
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Table 1. Dimensions of Surface Breaking Cracks in Aluminum 
Specimen Length (mm) Width (mm) Depth (mm) 
1 50.8 0.076 0.305 
2 50.8 0.127 0.932 
Thus, the ratio of I R I and I T I is obtained in terms of four measured 
voltages. Because no information about signal strength, coupling, distance or 
surface condition is required, the result given by Eq.( 5 ) is self-calibrating. 
EXPERIMENTAL MEASUREMENTS 
The two specimens used in the experiments were fabricated from the 
same batch of aluminum 2024-T351. An electric discharge machine ( EDM ) 
was used to cut the surface-breaking cracks. The length, width and depth of 
the cracks are listed in table 1. Two sets of commercial Aerotech transducers 
with center frequencies 2.25 and 5.0 MHz, respectively, were used to measure 
I Rtr I at different angles of incidence versus d/AR , where d is the depth of 
the crack, and AR is the wavelength of the Rayleigh wave. The specimen with 
slot depth 0.31mm was used for measurement in an dlAR range from 0.2 to 
0.6, while the one with slot depth 0.93mm was used in the dlAR range from 
0.6 to 1.7 . A special holder was designed to move and align the surface wave 
transducers over incremental values of the angle. The coupling between 
transducers and specimen surface must be of good quality, but by virtue of 
the self-calibrating features of the technique it does not have to be the same as 
the angle of incidence is varied. It is of great importance that by the present 
technique the ratio I TIR I can be measured independently of the distance and 
the surface conditions between each trans duc er and the surface-breaking 
crack, and independently of the coupling between the transducers and the 
surface of the specimen. When moving the transducers from one angle of 
incidence to another it is virtually impossible to maintain these conditions 
the same for a sequence of tests. 
A schematic of the apparatus used in this experiment is shown in 
Fig.3a. A HP 3325B Function Generator produces a continuous sine wave 
signal in the frequency range from 1.5 to 6.5.MHz. This signal is applied to 
the Metrotek MG701 Gate which produces a tone-burst ofthe desired number 
of cyc1es with peak-to-peak voltage from 0.1 to 0.25 volts. The tone-burst is 
then amplified by a 50dB power amplifier ( ENI Radio Frequency 325LA) to a 
30 to 75 volts peak-to-peak voltage. The amplified tone-burst is subsequently 
applied to a surface wave transducer. The transducer sends a Rayleigh wave 
along the free surface toward the crack. The signal received by the receiving 
transducer is amplified by a 5662 Panametrics Preamplifier. The output 
signal is then digitized by an oscilloscope ( Tek 2465B ) and the datais 
acquired by personal computer. 
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(a) (b) 
Fig. 3. Schematic of the experiment for (a) oblique inci"dence (b) normal 
incidence 
As shown in Fig.3a, four transducers ( two transmitters and two 
receivers) are used for measurements at all angle of incidence, except 8=0. 
For 8=0 only two transducers, each in the pulse-echo mode, are used. For 
this case a schematic is shown in Fig.3b. Equation ( 5 ) is now replaced by 
( 6 ) 
where V 11 is the amplitude of the voltage of transducer 1 for the signal 
generated by 1, reflected from the crack and received by 1, and V33 is defined 
analogously. V13 and V31 are amplitudes of the signals transmitted through 
the crack from transducer 1 to 3 and 3 to 1, respectively. To maintain exactly 
the same conditions of electrical signal generation and amplification, the two 
transducers are connected parallel. Since the measured voltage amplitudes 
for the transmitted signals, V13 and V31, are overlapping, the signals used in 
equation ( 6 ) are taken as half the total measured amplitude. To prevent 
overlap of the signals V 11 and V 33 the transducers should be installed at 
different distances from the crack. The waveforms acquired for the four and 
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Fig.4. Waveforms for (a) oblique and (b) normal incidence of a surface wave 
on the surface-breaking crack. 
two transducer configuration are shown in Fig.4a,b. As shown in Fig.5 
comparison between the experimental results with the theoretical values 
obtained by Angel and Achenbach [3] shows very good agreement. 
CRACK DEPTH DETERMINATION 
The self-calibrating technique can be efficiently used to determine the 
depth of a surface-breaking crack. For this purpose the frequency of the 
generated surface waves should be varied and I TIR I should be measured at 
different frequencies for specific angles of incidence. Then, dJAR can be 
obtained from a plot of I TIR I versus dJAR calculated for the selected material 
and the angle of incidence [3]. The depth of the crack, d, follows immediately 
since the wavelength, AR is known. The measurement has the highest 
accuracy in the dJAR range from 0.2 to 0.4 where for most angles of incidence 
the inverse problem has a single solution and big changes in I TIR I 
correspond to relatively small changes in the crack depth. Simple 
calculations show that d/AR values in this range correspond to crack depth 
from 0.08mm to 0.48mm when the surface wave frequency is varied from 2.5 
to 7.5MHz ( wave velocity was taken as VR =3000 mls ). 
CONCLUSIONS 
A self-calibrating ultrasonic technique based on the use of a novel 
configuration of commercial surface wave transducers, has been employed to 
measure the ratio of transmission and reflection coefficients. A comparison 
between experimental data and theoretical result for surface wave 
interaction with a surface-breaking crack shows very good agreement. The 
feasibility of crack depth determination using the self-calibrating technique 
has been demonstrated. 
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Fig. 5. Comparison of theoretical and experimental values of I TIR I . 
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